Humans can perceive a stable auditory environment and appropriately react to a sound source, even when they are moving. This suggests that the inputs are reinterpreted in the brain, while being integrated with information on the movements. Although several studies have shown the influence of the vestibular semicircular canal signals on auditory localization, it is not clear how auditory space representation is modulated by linear accelerations which are obtained from the macular receptors of the otolith system (utricle and saccule). We investigated the effect of the linear acceleration on auditory space representation. During the forward/backward self-motion, a short noise burst was presented from one of the loudspeakers which were aligned parallel to the motion direction when the listener's coronal plane reached the location of one of the speakers (null point). The results showed that the sound position aligned with the subjective coronal plane was displaced ahead of the null point only during forward self-motion. Moreover, all the sounds that were actually located in the traveling direction were perceived as being biased towards the null point. These results suggest a distortion of perceived auditory space in the direction of movement during forward self-motion.
INTRODUCTION
We can perceive auditory spatial information stationarily, even when we are moving. This implies that inputs from the auditory periphery are interpreted in the brain by integrating them with information on the movements of the head and whole body. Such movement signals used for sound localization can be derived from vestibular information [1] .
Several studies have shown the influence of the vestibular semicircular canal signals on auditory localization. Although a few studies have reported improvements in sound localization by active and passive head rotations with low angular displacement amplitudes [2, 3, 4, 5] , most of the previous studies have demonstrated large systematic errors, rather than improvements, especially during rapid head motion. For example, rapid head turns can lead to the compression of the auditory space in the perisaccadic interval, just like visual localization during or immediately before saccadic eye movements [6, 7] . These findings suggest that the vestibular semicircular-canal system plays an important role in space perception.
Aside from information originating in the semicircular-canal system, sensory information from the macular receptors of the otolith system (utricle and saccule) may also play a role in this respect. The otolith system can detect linear accelerations, while the semicircular-canal system can detect rotatory accelerations. However, it is not clear how auditory space representation in depth is modulated by linear accelerations obtained by the otolith system. In general, the ability to determine a sound's distance is not as accurate or precise for stationary listeners, while distance estimation and depth perception are important in many aspects of our daily lives such as locomotion and obstacle avoidance. Several previous studies investigated the effect of active walking on distance perception for a sound located over 2 m from the listeners and found that self-motion information improved the auditory localization in depth (e.g., [8, 9] ). However, less is known about the effect of vestibular information on the auditory representation of a relatively near space.
In this study, we used a robotic wheelchair to produce naturalistic linear accelerations and investigated distortion of the auditory representation of the near space in the direction of movement during forward/backward self-motion.
EXPERIMENT 1 [10]
In this experiment, we investigated how the sound position aligned with the subjective coronal plane (SCP) was displaced, while manipulating the direction of self-motion (forward or backward) and its acceleration. The coronal plane is a plane that divides a body vertically into anterior and posterior sections.
Experimental Apparatus of all experiments
The experiments took place in a corridor in the Research Institute of Electrical Communication, Tohoku University (Figure 1(a) ). Sound absorbing materials were placed on the sidewalls in the part of the corridor where the experiments were conducted (about a 5-m section) to attenuate the sound reflections. The participants were transported by a robotic wheelchair (iXs Research Corp., Figure 1(b) ). The experimenters had exclusive wireless control over the movements of the wheelchair. The maximum sound pressure level of ambient environmental noise, including noise from the wheelchair, was 60 dB (A-weighted sound pressure level) while the wheelchair was in operation.
Auditory stimuli were presented using 17 full-range loudspeakers (HOSIDEN, 0254-7N101, 30 mm) installed in small cylindrical plastic boxes (108 cm 3 ). These loudspeakers were on the right hand side, aligned with the direction of movement of the wheelchair at 10-cm intervals and at a height of 1.32 m (almost equivalent to the height of the seated participant's ears). The auditory stimulus was presented at the moment the wheelchair intersected an orthogonal laser (Figure 1(a) ). Specifically, analog signals from the laser were converted to digital signals using a data acquisition device (National Instruments Corp., NI USB-6289) connected to a laptop computer. The inputs were processed using a LabVIEW program (National Instruments Corp.) and audio data were output through audio interfaces (Roland Corp., UA-25EX and Marantz, PM-54DS). The system delay from sensing the position of the wheelchair to the onset of the auditory stimulus was within 3 ms.
Experimental Procedure
There were eight participants (ranging in age from 21 to 38 years, one female and seven males). All the participants had normal hearing with no history of vestibular deficiencies. The blindfolded participants were sitting on the wheel chair and their heads were fixed to the wheelchair with an elastic band. They indicated the direction in which the sound was perceived relative to their coronal plane (i.e., a two-alternative forced-choice task). A test sound was presented from one of the loudspeakers when the chair reached a particular location (null point). The null point was a point aligned with the physical coronal plane (i.e., the interaural axis) at the moment a target sound was delivered. The distance was defined as the physical distance between the null point and target sound. The actual sound position varied from trial to trial according to a staircase method. The test sound position ranged from −80 cm to 80 cm in 10-cm intervals (see Figure 1 ; the negative and positive values indicate the rear and frontal spaces, respectively). In one sequence, the initial position of the sound was 80 cm from the null point (descending series), and in another sequence, the initial position was −80 cm (ascending series). These two staircase sequences were randomly intermixed. The step size of the staircase was 10 cm. Each staircase sequence was terminated after 5 reversals of the response sequence. Thus, 10 reversals were obtained from these two staircase sequences in each session and averaged to obtain the alignment of the sound position with the SCP.
Results and Discussion
The mean sound positions aligned with the participants' SCPs in Experiment 1 are shown as a function of acceleration in Figure 2 and no motion conditions) revealed a significant effect of the experimental condition (F(4, 28) = 9.88, p < .01). A multiple comparison (Tukey's HSD method, a < .05) revealed that the mean sound positions aligned with the participants' SCPs significantly moved forward in the direction of self-motion with an increase in acceleration for the forward motion conditions, while no effect was observed for the backward motion conditions.
EXPERIMENT 2 [10]
In Experiment 2, we used a rod pointing method to investigate how the auditory space in the direction of movement was structured during forward self-motion.
Experimental Procedure
There were eight participants (ranging in age from 21 to 38 years, 1 female and 7 males). In this experiment, two persons who participated in Experiments 1 were replaced by two newly recruited naïve participants. All the participants had normal hearing with no history of vestibular deficiencies.
There were two motion sessions: forward motion (0.4 m/s 2 ) and no motion. The order of the sessions was counterbalanced across the participants. The same sound as used in Experiment 1 was presented. The tested sound position ranged from 0 cm to 150 cm in 30-cm intervals in the frontal space. The sound position was changed in a quasi-random order between trials. Each sound position was tested five times for each participant.
The blindfolded participants were instructed to direct an indicator toward the perceived sound position in an egocentric coordinate frame at the moment the sound was presented. The indicator was a 25-cm rod with a semicircular protractor mounted on a rotating shaft and was set very close to the participants' body in the midsagittal plane. Because the misalignment of the rotating axis of the pointing device with the center of the head might have caused some measuring errors, the localization data were corrected offline using hand pointing data at 0 cm with no motion. All of the participants had practice pointing toward randomly selected sound positions several times using this localization device with their eyes open before the experimental sessions.
Results
The data for auditory localization during forward self-motion and no motion in Experiment 2 are shown in Figure 3 The localization errors for the no motion condition increased from −0.7 cm to 20.1 cm with increasing distance from the null point to 150 cm. All the auditory stimuli were perceived as being closer to the null point than their actual positions (i.e., underestimation). More localization errors were observed for the forward motion condition; the corresponding localization errors were from −2.9 cm to 68.5 cm.
A repeated-measures ANOVA with two within-participant factors (2 motion× sound positions) for the localization data revealed significant effects of the motion condition (F(1, 7) = 33.60, p < .01) and sound position (F(5, 35) = 69.93, p < .01). There was also an interaction effect (F(5, 35) = 12.63, p < .01), revealing significant differences between the motion conditions at all the sound positions except at 0 cm. All the auditory stimuli except at the 0-cm sound position were perceived as being biased backward during forward self-motion than during the no-motion condition (F s(1, 7) > 10.55, ps < .05).
Linear functions were fitted to each individual's localization data by using the least-square method (R 2 > .84) and, then, the slopes and x-intercepts were calculated. Repeated measures t-tests revealed that the slope for the no-motion condition (0.89) was significantly steeper than that for the motion condition (0.58) (t(7) = 4.70, p < .01), while the x-intercepts were not significantly different between the conditions (−1.82 and −7.02 for the no motion and motion conditions, respectively, t(7) = 1.19, p > .27). This result suggests the compression of the auditory space in the direction of movement during forward self-motion.
Experiment 1 showed that the sound position aligned with the SCP was 24.9 cm in the direction of self-motion. To draw a comparison between Experiments 1 and 2, the corresponding value, which was given by the x-intercept of the regression line, was also calculated in Experiment 2. The result was 11.5 cm in the direction of self-motion. Regarding the no-motion condition, the sound positions aligned with the SCP were −7.1 cm for Experiment 1 and 2.0 cm Experiment 2. Paired t-tests, which were performed for the data for the six participants who participated in both experiments, revealed no significant difference between Experiments 1 and 2 for the no-motion (t (5) 
EXPERIMENT 3
In Experiments 1 and 2, the participants were blindfolded and no visual information was provided. It is well known that auditory spatial perception is strongly influenced by visual information [11, 12, 13] . Moreover, some researches have reported that sound localization on frontal space is affected by visual information [12, 13] .
In Experiment 3, the same experiment as Experiment 2 was performed under sighted condition in order to investigate the effect of visual information on the phenomenon in Experiment 2.
Results
The data for auditory localization during forward self-motion and no motion in Experiment 3 are shown in Figure 4 . The horizontal axis shows the actual position of the test sound. The perceived position of the sound is shown on the vertical axis. Negative and positive values indicate the rear and frontal spaces, respectively.
As same as the results of Experiment 2, all the auditory stimuli were perceived as being closer to the null point than their actual positions (i.e., underestimation). More localization errors were observed for the forward motion condition.
A repeated-measures ANOVA with two within-participant factors (2 motion× sound positions) for the localization data revealed significant effects of the motion condition (F(1, 7) = 20.56, p < .01) and sound position (F(5, 35) = 85.53, p < .01). There was also an interaction effect (F(5, 35) = 6.44, p < .01), revealing significant differences between the motion conditions at all the sound positions except at 0 cm. All the auditory stimuli except at the 0-cm sound position were perceived as being biased backward during forward self-motion than during the no-motion condition (F s(1, 7) > 6.26, ps < .05).
Linear functions were fitted to each individual's localization data by using the least-square method (R 2 > .93) and, then, the slopes and intercepts were calculated. Repeated measures t-tests revealed that the slope for the no-motion condition (0.85) was significantly steeper than that for the motion condition (0.62) (t(7) = 2.89, p < .05). This result suggests the compression of the auditory space in the direction of movement during forward self-motion, even when visual information is provided.
To draw a comparison between Experiments 2 and 3, the slopes and the x-intercepts were analyzed. The x-intercept of the regression line in Experiment 3 was 28.5 cm in the direction of self-motion. Paired t-tests revealed no significant difference between Experiments 2 and 3 under motion condition the slopes (t(7) = 1.67, p = .14) either for x-intercepts (t(7) = 1.72, p = .13). Thus, the results were consistent with/without visual information.
DISCUSSION
In the present study, we demonstrated that the sound position aligned with the SCP was displaced in the direction of self-motion. This effect was observed only for forward self-motion, and not for backward self-motion, and strengthened with an increase in acceleration. We also found that the auditory space in the direction of movement was compressed during forward self-motion.These results suggest direction-specific modulation of the linear acceleration information for auditory space perception. In Exp. 3, participants was able to obtain accurate space information from the visual modality. Nevertheless, the similar compression with Exp. 2 was observed. This result suggests that humans robustly perceive such compression of the auditory space by the vestibular information.
The sound position aligned with the subjective coronal plane was displaced ahead of the null point only during forward self-motion. We speculate that a closer link might be formed between the vestibular processing for forward self-motion and auditory space perception because forward self-motion is much more frequently experienced in ordinary life than backward self-motion, and this link might play an important role in avoiding obstacles and any incoming danger. This type of adaptive bias is observed in other aspects of auditory perception. For example, an auditory target with rising intensity appeared to change more in loudness [14, 15] and induced larger automatic orienting responses such as heart rate and skin conductance [16] than a target with falling intensity. More directly, approaching sounds are perceived as being closer to the listener than equidistant receding sounds are [17, 18] . Furthermore, human neuroimaging studies have shown that auditory looming stimuli preferentially activate a neural network serving space recognition, auditory motion perception, and attention [16, 19] . Although these studies used relatively long auditory stimuli (>750 ms) that are different from those used in our current study (30 ms), it is possible that neural mechanisms to process approaching objects with priority do exist, probably for engaging preparatory behaviors before their arrival. A detailed investigation regarding this issue should be addressed in future research.
In our study, as shown in Experiment 2, the auditory mislocalization during forward self-motion was likely to be caused by a compression of the auditory space. In the visual modality, it is well known that saccadic eye movements cause a compression of the visual space around the saccadic target, as demonstrated by the mislocalization of probe stimuli, which are perceived as being closer to the saccadic target than they actually are [20] . It has recently been shown that a similar effect could occur in the auditory modality during rapid head turns [7] . Our current findings are consistent with these studies, although no visual or auditory target probe for eye and head movements was presented, and a corollary discharge from the motor system might not be issued because no active eye, head, or body movements were required in our present study. Among the studies investigating the effect of self-motion information on visual perception, Gray and Regan [21] showed that the time-to-collision with a visual object was underestimated more when forward self-motion information was visually provided, as compared to a static condition. This study suggests that the representation of a visual space can also be compressed without a corollary discharge from the motor system. Thus, we consider that the mechanism for the current effect of linear acceleration may involve anticipatory spatial shifts in the auditory locations driven by afferent signals from vestibular systems.
CONCLUSION
We investigated the effect of the linear acceleration on auditory space representation by using robotic wheel chair. The results showed that the sound position aligned with the subjective coronal plane was displaced ahead of the null point only during forward self-motion. Moreover, all the sounds that were actually located in the traveling direction were perceived as being biased towards the null point. These results suggest a distortion of the auditory space in the direction of movement during forward self-motion. The underlying mechanism might involve anticipatory spatial shifts in the auditory locations driven by afferent signals from vestibular system.
